Abstract-The accumulation of contaminants by free-living organisms has traditionally been determined with permutations of the deterministic model: Ct = Ce(1 -e -kt). However, studies utilizing a variety of species and exposure scenarios now suggest that significant deviations may occur from this classic form. In many cases noted to date, these deviations have involved a sigmoidal pattern of accumulation.
INTRODUCTION
The accurate prediction of the pattern and rate of contaminant accumulation by free-living organisms is an important aspect of toxicological risk assessment. Traditionally, accumulation is described by the model where dC/dt is the rate of change of contaminant concentration over time, Cs is the concentration in an infinite source, Ct is the concentration in the organism at time t, ku is the uptake rate constant and kctis the depuration or elimination rate constant. At steady state where Ce is the final contaminant concentration in the organism at steady state or equilibrium. Combining Equations 1 and 2 and assuming that ku, kct \ *To whom correspondence may be addressed. Presented at the Symposium on Toxicokinetics, Eighth Annual Meeting of the Society of Environmental Toxicology and Chemistry, Pensacola, Florida, November [9] [10] [11] [12] 1987 . E.L. Peters' current address is Department of Radiology and Radiation Biology, Colorado State University, Fort Collins, CO 80523.
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Radioecology and Cs remain constant, the integrated form of the uptake model becomes
which indicates that the concentration in the whole body or some organ/tissue compartment increases over time at a rate that is maximal at the time of first exposure. The rate of accumulation then gradually decreases over time until some asymptotic concentration is attained [1] [2] [3] . The depuration rate constant relates the rate of contaminant elimination to the concentration of the contaminant in the organism. If the initial concentration in the organism is negligible, Ce = R/kct, where R is the (constant) rate of contaminant intake.
Modifications of this deterministic model may incorporate multiple sources, multiple elimination components, growth, trophic efficiency and internal exchange. However, the enhanced realism associated with such complex models can never be freed from a dependency upon the assumptions associated with the simple model, i.e., constant uptake rate, instantaneous mixing within compartments, time-or age-independent probability of transition between compartments and a negative exponential depuration process for all compartments. Under field conditions, the rate of contaminant intake (R) may not be constant due to (2) 141 . changes in behavior, food type, food availability or numerous other environmental factors. Significant violations of other assumptions are also likely under field conditions. For example, elimination rate constants for poikilotherms will be linked to seasonal fluctuations in temperature. Also, the probability of elimination of an atom may not be independent of the time that it has resided in the compartment.
We will demonstrate here that, under free-living conditions, the accumulation of contaminants may deviate significantly from the classical pattern and rather may show an S-shaped or sigmoidal pattern of body-burden buildup, characterized by an initiallag in the rate of contaminant uptake as compared to the prediction of Equation 3. Although such deviations from the classic model can be deduced in some cases from a qualitative examination of the data set, a quantitative assessment has not yet been published in which the sigmoidal nature of contaminant accumulation is modeled from empirical data and then shown to deviate statistically from the predictions of Equation 3 .
In this report, we will present qualitative assessments of several data sets which suggest initial lags and consequential deviations in contaminant accumulation vs. the commonly used model (Eqn. 3). These will indicate that such deviations can occur for several classes of contaminants and for a variety of organisms and environmental conditions. These conditions will include cases of direct contaminant uptake from water by fish under laboratory conditions, as well as uptake by free-living turtles and waterfowl under conditions where the contaminant is also ingested as the organisms forage in contaminated natural environs.
The wide variety of conditions under which sigmoidal deviations from the classic model can be documented [4] [5] [6] [7] make it unlikely that a single causal mechanism can be used to develop a deterministic model that would describe the sigmoidal patterns and initial lags observed. However, such accumulation data can be modeled empirically with a generalized sigmoidal model, similar to that proposed by Richards [8] . When used to model contaminant accumulation, the Richards model can also emulate the classic form of Equation 3 and thereby serve as a basis for determining the degree of statistical significance associated with deviations from the latter.
THESIGMOIDAL MODEL
The Richards sigmoidal model was first proposed as a means of analyzing the growth of organisms [8] . Later developments of this model by White and Brisbin [9] and Brisbin et al. [10] have emphasized the use of a process error model and a reparameterization to reduce problems associated with autocorrelation, convergence time and, particularly, rate parameter interpretation. These developments have permitted the use of this model to describe sigmoidal data sets showing a variety of curve shapes while still retaining biologically meaningful interpretations of the defining parameters [11] [12] [13] .
In the form used to describe contaminant uptake data in the present study, the Richards model is defined by the equation
where Ct, Ce and t are as defined in Equations 1-3, Co is the amount of contaminant in the body or compartment prior to the uptake period, T is the amount of time required for Ct to reach 90 to 950/0 of Ce (calculated as the inverse of the proportional weighted mean contaminant uptake rate [8, 10) ) and m is the Richards shape parameter [8] . Varying the numerical value of this shape parameter changes the shape of the model's sigmoidal curve with respect to the time (and ratio of C/ Ce) at which the curve attains its point of inflection (i.e., dC/dt is maximized). In this sense, the Richards is a general model that can, by varying the value of m, generate all of the other commonly used sigmoidal models.
When m ==2.0, 0.67 or -> 1.0, the Richards model becomes the logistic, von Bertalanffy or Gompertz model, respectively [8] . Most importantly for the present study, the Richards model becomes the classicmodelas definedin Equation 3 whenm == O.In relating Equation 3 to Equation 4 with m ==0, the parameter k is transformed to T, as described by Brisbin et al. [10] (see Eqn. 5). After making such numerical substitutions for m in Equation 4, however, some reparameterization and rearrangement of terms are necessary to produce equations such as the logistic and Gompertz in their classic forms. This would particularly involve retransforming Tto an expression defined in terms of k as explained above. The Richards model can be used to test whether a data set fits the classic model by fitting the Richards model and then testing the hypothesis that m == 0, as will be illustrated below. In these examples, Equation 4 was first fit to accumulation data using procedure NUN of the Statistical Analysis System [14] , with Co being directly observed and the parameters Ce, T and m allowed to vary (the "complete" model). This procedure was then repeated with the constraint m =0 (the "reduced" model). The consequential increase in residual sums of squares was then evaluated with an Ftest for the reduced vs. complete models, as described by White and Brisbin [9] .
In the case of data for the uptake of 203Hg from water by fish, Equation 4 was modified to produce estimates of ku, kd and m under an experimental design that necessitated correction for radiotracer decay during exposure. Initial Hg concentrations in the fish (Co) were assumed to be negligible. Equation 4 was then modified by equating K, as defined by Richards [8] , to kd, as defined in 
Although Equation 6 is defined by parameters that are more closely related to previous models of contaminant accumulation, the use of kd as an equivalent of Richards' K subjectsthis form of the model to a number of limitations that are avoided when Kis transformed to T (Eqn. 4). In particular, when m assumes values very close to 1.0 (the Gompertz model), the value of Kbecomes unrealistically high and statistical analyses for this parameter across treatment groups may not be meaningful [10, 13] . Under these conditions, it would be more useful to expressEquation 6 in a form in which K is transformed to T, which alleviates this problem.
EXAMPLESOF ACCUMULATIONASSESSMENT: RADIOCESIUMIN TURTLESAND WATERFOWL
Because whole-body burdens of gamma-emitting radio nuclides can generally be determined without sacrifice or harm to the subject, such isotopes are ideal for studying the dynamics of contaminant accumulation, particularly in cases where tamed or radiotransmitter-marked subjects can be used to expedite the periodic recapture of specific 143 (5) individuals [1, 2] . To be meaningful, however, such studies require the use of protected areas of habitat in which uniform contamination of natural food webs has occurred over an extended period of time.
The Pond B reservoir of the U.S. Department of Energy's Savannah River Plant (Aiken, Allendale and Barnwell Counties, SC) received the heated effluents from an operating nuclear production reactor from 1960to 1964.These effluents contained about 4.0 x 1015Bq of the gamma-emitter 137 Cs and various amounts of other radionuclides that were inadvertently leaked to the reactor's effluent system [15, 16] . The input of reactor effluents to Pond B ceased in 1964 and since that time this reservoir has been undisturbed. More detailed descriptions of Pond B's geochemistry, flora and fauna have been published elsewhere [17] [18] [19] along with descriptions of the ecological compartmentalization of the reservoir's present radio nuclide inventory [19] [20] . As indicated by these studies, 137Csis the only significant gamma-emitting radionuclide presently incorporated into the reservoir food webs, simplifying detection and quantification of this isotope in the resident biota. Furthermore, the selective concentration of 137 Cs in the edible skeletal muscle of fish and game species makes this isotope of particular concern with respect to its potential for introduction into the human diet [21, 22] .
Recently, two studies have been conducted in the Pond B reservoir which involved release of uncontaminated turtles (Yellow-bellied turtles, Pseudemys scripta) and waterfowl (American coots, Fulica americana), followed by their periodic recapture, whole-body determinations of 137Csand release of individuals, thus providing data that can be used to demonstrate the sigmoidal nature of the uptake of 137Csfrom food and water of the reservoir by these organisms. Preliminary results of the turtle study have been published elsewhere [23, 24] , but have not yet progressed to the achievement of a steady state of whole-body 137 Cs equilibrium. Thus, no attempt has been made to describe these data with a Richards model; rather, data from the first six months of this study are presented here to indicate qualitatively the sigmoidal nature of the accumulation process.
Each of the 10 turtles released into Pond B showed an initial lag in the rate of 137Csaccumu-lation during the first 20 to 30 d (Fig. 1) , as compared to the prediction of Equation 3, which would require the most rapid rate of isotope accumulation to occur immediately following their release. Al- In the waterfowl study, 50 coots were livecaptured in early-to mid-December 1987 from another reactor cooling reservoir about 6 to 7 km south of Pond B, in which no 137CSintroduction had occurred. These birds were individually subjected to live whole-body gamma counting procedures [25] to verify the absence of significant levels of 137CS, after which they were marked with plastic neck collars, wing-scissored to prevent flight and released on Pond B the day following their capture. Over the next 70 d, 13 live recaptures were made of these birds for subsequent determination of 137CSwhole-body burdens. Although all birds were released again onto Pond B following each 137CS quantification, no bird was recaptured more than once in the data set used in this study (Fig. 2) . Coots, like most other waterfowl species present on the Savannah River Plant's reservoirs, are almost exclusively winter visitors, with most birds arriving at the site in November to December and . departing again for their more northerly breeding grounds in March to April [22, 26] . Thus, the birds used in this study were present on the reservoir during the same time as the majority of the waterfowl using this site as their wintering grounds. As shown by Figure 2 , newly released coots, like the turtles described above, also showed an initiallag in their rate of 137Csaccumulation. Since the body burdens of the coots achieved a steadystate equilibrium about 40 d after release, it was possible to make a quantitative assessment of the degree to which these data differed statistically from the prediction of the classic accumulation model of Equation 3 (as shown by the dotted line of Fig. 2 ). The classic model tended to overestimate 137Cslevels for the first 5 to 10 d following release and then underestimated the observed 137 Cs levels from 15 to 25 d after release. However, both models agreed closely with respect to their estimates of asymptotic live-weight body burden (4.98 Bq/g vs. 4 .73 Bq/g for the estimates of Ce from Eqns. 3 and 4, respectively). Application of an F test to the data in Figure 2 Analyses of the Hg uptake data were undertaken as described previously, with F tests for the complete vs. reduced models again being used, this time using Equation 7 with m either being allowed to vary or being set = 0, respectively.These analyses (Table 1 ) indicated that 9 of the 21 fish tested showed Hg accumulation curves that were better fit when m was allowed to vary (Le., the hypothesis that m = 0 was rejected). Twelve of the 21 Hg accumulation curves included 0 in the 95070asymp-totic confidence interval about the estimate of m, and 8 of the 9 that did not were those for which the (Table 1) . DISCUSSION The conditions under which some of the accumulation data cited in this study were collected might subject them to the claim that experimental artifacts may have been responsible for the sigmoidal nature of the resulting accumulation processes and its observed deviation from the predictions of the classic model. In the case of the turtles, for example, individuals were confined in 115-m2 pens in the reservoir to facilitate recapture, and when natural food resources were depleted inside these pens supplementary food resources collected elsewhere in the reservoir had to be provided, as described by Peters [24] . However, these procedures alone should not have produced the sigmoidal deviation observed since natural food resources in the pens were maximal at the beginning of the study when accumulation lags with respect to the classic model were most pronounced (Fig. 1) . Observed I37Csaccumulation rates later in the experiment when food resources began to wane were actually greater than would have been predicted by the classic model. Moreover, exactly the same initiallags in accumulation and sigmoidal deviations from the classic model were seen in the case of waterfowl (Fig. 2) , which were completely free to use the food resources of the entire reservoir. Most of the experimental birds used in this study spent their time foraging with flocks of other free-living coots that, like them but of their own volition, had also recently arrived to begin their winter stay on the Pond B reservoir. Thus, the sigmoidal pattern of 137 Cs accumulation shown in Figure 2 must indeed be that of truly free-living migrants, following their arrival for a winter stay at this site.
Since the predictions of the classic model require the assumption of a constant rate of contaminant intake (R) throughout the accumulation period, one explanation for the initial lags in this process shown in Figures 1 and 2 might be an initial reduction in R when an organism such as a turtle or coot is subjected to what must be a certain degree of stress associated with its arrival in a new habitat where it is not yet familiar with either the locations or means of most effectively exploiting the food resources. However, such a "travel lag" hypothesis based in terms of the behavior and ecological regulation of the rate of food (and hence contaminant) intake cannot be used to explain the sigmoidal pattern (m "*0) of some of the mosquito fish accumulation curves since no contaminated food was provided and Hg uptake was directly from the water through physiological processes not subject to alteration by behavioral modification of food intake. Physiological mechanisms that could have potentially contributed to the production of sigmoidal accumulation curves include saturation kinetics for the elimination mechanism [28] , time lags before clearance could be facilitated by internal conversion [29] , compartmental heterogeneity [30] , age dependencies of elemental transitions from compartments [31] , homotrophic effects on the uptake mechanism [32] or kinetics of surface mucosal binding [33, 34] . Time dependence of uptake from one of two sources such as described by Huckabee et al. [35] was not likely since adsorption of mercury onto food and consequent uptake was calculated to be minimal for the fish in this study.
. An important aspect of the analysis of the fish data (Table 1) is the demonstration of the ability of the Richards model to describe contaminant accumulation adequately, whether or not the classic model is the most appropriate. Thus, it is not a question of whether Equation 3 or 4 is "better." Of the two, Equation 4 will always be the more appropriate since it will always give at least some reduction in residual sums of squares (due to the addition of another parameter) and yet it can also become Equation 3 whenever appropriate -as was the case for 12 of the 21 fish reported in Table I . The value of the Richards model over its classic counterpart thus lies in its ability also to describe quantitatively, contaminant accumulation in those cases that cannot be adequately described by Equation 3. It should be emphasized, however, that as used above, the term "adequacy," with respect to the superior ability of the Richards vs. classic model to describe uptake data, refers strictly to the ability of the former to show a greater reduction in unexplained statistical variation by making a greater reduction in the residual sums of squares. This does not necessarily imply a superior ability of anyone model vs. the other to designate and explain the differences in uptake curve shape that may be observed. However, by providing a statistically objective basis for determining when or if significant deviations from the classic uptake curve shape occur, the Richards model can focus attention upon those particular situations of contaminant uptake that are in need of further study and understanding with respect to the nature of the causality and mechanisms responsible for the deviations observed.
Although the Richards model can adequately describe accumulation data in an empirical sense, it does not provide information concerning the mechanisms responsible for the particular accumulation pattern observed, as would be the case with a more deterministic model. A number of mechanisms may be hypothesized as the basis for such sigmoidal deviations from the classic uptake form, but it is unlikely that anyone will adequately explain all of the phenomena under the variety of conditions observed, as discussed above. Nevertheless, efforts to develop deterministic models capable of explaining and emulating observed sigmoidal accumulation patterns under given sets of conditions would still be important and would help in understanding mechanistic phenomena inherent in the sigmoidal accumulation pattern regardless of the circumstances under which it is expressed. For example, in cases where there is a significant initial 147 lag and consequential sigmoidal deviation and yet the equilibrium level of body burden that is eventually attained is still similar to that predicted by the classic model (e.g., Fig. 2, Table 1 ), there must be a period of accelerated or enhanced contaminant accumulation after the initial lag period, during which contaminant accumulation is actually occurring faster than would be predicted by the classic model. The mechanisms responsible for this phenomenon, which is similar to that of "compensatory" growth [36] , may be as important as those mechanisms involved in the initial lag phase in terms of understanding and successfully modeling sigmoidal contaminant accumulation in a deterministic fashion.
Regardless of the mechanisms responsible for sigmoidal patterns of contaminant accumulation, the empirical demonstration and quantification of such phenomena may have great practical importance in toxicological risk assessment and the environmental decision-making processes. In the case of the Chernobyl nuclear accident [37, 38] , for example, significant contamination with 137 Cs and other radionuclides may have occurred over vast areas of wetlands (the so-called "Pripyat Marshes") which have been identified [39] as supporting large numbers of waterfowl during migration as well as the breeding season. Since most migrating waterfowl would only stay in a given area for a short eriod of time, the radionuclide levels in their bodies when they departed would reflect that part of the accumulation period when the predictions of the classic vs. the Richards model would differ to the greatest extent (Fig. 2) . After only a 3-d stopover on the Pond B reservoir, for example, migratory coots would depart with 137CSbody burdens that would be over 280070greater by the prediction of the classic model as compared to the prediction of the improved fit of the Richards sigmoidal model. While in the case of Pond B all of these predicted body burdens, regardless of which model was used, would be well below the level that would represent a health hazard to hunters who might consume them as food, such might not always be the case. In other situations, such as the Chernobyl accident, higher levels of contaminant release might well provide an opportunity for freeliving fish and game speciesto accumulate body burdens that would cause them to become contaminant vectors to the food chain of man over expanded geographic areas. Department of Energy and the University of Georgia, and a Savannah River Ecology Laboratory Graduate Research Fellowship. Gary C. White provided critical input for the development of the Richards model and stimulating discussions and critical readings of this manuscript were provided by Cham E. Dallas, Phillip M. Dixon, Tom Hinton and F. Ward Whicker. Howard Zippier provided assistance with field studies. Dannette Doubet performed the mercury accumulation experiment. We greatly appreciate the efforts and insights of the anonymous reviewers.
